Tubulin glutamylation is a post-translational modification that occurs predominantly in the ciliary axoneme and has been suggested to be important for ciliary function 1,2 . However, its relationship to disorders of the primary cilium, termed ciliopathies, has not been explored. Here we mapped a new locus for Joubert syndrome (JBTS) 3 , which we have designated as JBTS15, and identified causative mutations in CEP41, which encodes a 41-kDa centrosomal protein 4 . We show that CEP41 is localized to the basal body and primary cilia, and regulates ciliary entry of TTLL6, an evolutionarily conserved polyglutamylase enzyme 5 . Depletion of CEP41 causes ciliopathy-related phenotypes in zebrafish and mice and results in glutamylation defects in the ciliary axoneme. Our data identify CEP41 mutations as a cause of JBTS and implicate tubulin post-translational modification in the pathogenesis of human ciliary dysfunction.
Joubert syndrome (JBTS MIM 213300) is characterized by cerebellar hypoplasia and neurological features, including ataxia, psychomotor delay and oculomotor apraxia with a pathognomonic 'molar tooth sign' on brain imaging. JBTS is frequently accompanied by various multi-organ signs and symptoms, including retinal dystrophy, nephronophthisis, liver fibrosis and polydactyly, conditions that are associated with disorders of the ciliopathy spectrum of diseases that include Meckel-Gruber Syndrome (MKS), Bardet-Biedl syndrome (BBS) and nephronophthisis (NPHP). Although several causative genes have been found for these disorders, they account for less than 50% of cases 6, 7 . We recruited a consanguineous two-branch Egyptian family (MTI-429) with five affected members (Fig. 1a,b and Table 1 ). We excluded linkage to previously identified JBTS-associated loci using a panel of highly informative markers. Analysis of the family using the Illumina Linkage IVb SNP mapping panel identified a 5-Mb region of linkage at chromosome 7q31.33-32.3 with a peak multipoint logarithm of odds (LOD) score of 3.71, which we have defined as the JBTS15 locus. Haplotype analysis indicated that a candidate interval between the rs766240 and rs4728251 SNPs represented the peak of highest significance (Supplementary Fig. 1a,b) .
To further narrow the interval, we reanalyzed MTI-429 samples with the denser Affymetrix 250K NspI SNP array by applying a linkage-free, identity-by-descent (IBD) model 8 . The combination of the two SNP linkage analyses identified a 2.8-Mb IBD interval between rs17165226 and rs2971773 that contains 26 genes ( Fig. 1c) . Direct sequence analyses of candidate genes within the interval led to the identification of a homozygous c.33+2T>G nucleotide change in CEP41 (NM_018718), which was predicted to abolish the consensus splice-donor site from exon 1 of the CEP41 gene ( Fig. 1d and Supplementary Fig. 2a ). To determine whether this mutation causes a splicing defect, we evaluated CEP41 transcripts from primary fibroblasts that were isolated from CEP41 is mutated in Joubert syndrome and is required for tubulin glutamylation at the cilium 1 9 4 VOLUME 44 | NUMBER 2 | FEBRUARY 2012 Nature GeNetics l e t t e r s MTI-429 family members (MTI-429-IV-1 and MTI-429-IV-6). The RT-PCR result showed an absence of mature CEP41 mRNA products in cells from both individuals, which can probably be attributed to nonsensemediated decay (Fig. 1e) .
We next screened an additional 832 individuals with ciliopathy (720 with JBTS and 112 with MKS, many of whom were excluded for mutations in known ciliopathy genes) by directly sequencing CEP41 and found two additional consanguineous families with homozygous mutations, including c.97+3_5delGAG in an Egyptian family with JBTS (MTI-1491) and c.423-2A>C in a Portuguese family with JBTS (COR-98) ( Fig. 1b-d and Supplementary Fig. 2a ). These mutations were predicted to abolish the consensus splice-donor site from exon 2 and the splice-acceptor site from exon 7, respectively. Moreover, we confirmed that the mutation in MTI-1491 led to skipping of exon 2, thereby generating a premature stop in exon 3 ( Supplementary  Fig. 2b ). In addition to the individuals with JBTS, the MTI-1491 family included one family member with a phenotype consistent with BBS who lacked the pathognomonic molar tooth sign, and this individual was heterozygous for the c.97+3_5delGAG mutation ( Supplementary  Fig. 2b-d ), suggesting that CEP41 may modify other ciliopathy conditions. From our cohort screen of families affected with JBTS, we identified additional heterozygous CEP41 mutations (c.83C>A, c.107T>C, c.265C>G, c.536G>A and c.1078C>T) that alter amino acid residues that are highly conserved among vertebrates or lead to a premature stop codon ( Fig. 1d, Supplementary Fig. 2e and Supplementary  Table 1 ). Each of the individuals with CEP41 mutations was additionally sequenced at the known JBTS-associated genes, and four were found to harbor an additional heterozygous, potentially deleterious variant. It is notable that all homozygous mutations in CEP41 were splice-site mutations and were identified only in subjects with JBTS, whereas heterozygous mutations were present in several ciliopathies, including BBS and MKS. Our findings suggest that constitutive disruptions of CEP41 result in JBTS, but CEP41 may also serve as a modifier in the broader class of ciliopathies.
The CEP41 gene has been poorly characterized except for expression analysis in human organs, including brain, testis and kidney 9 . CEP41 encodes a 41-kDa centrosomal protein that is predicted to contain two coiled-coil domains and a rhodanese-like domain (RHOD), which is structurally related to the catalytic subunit of the Cdc25 class of phosphatases 10 . However, we found that the CEP41 protein lacks phosphatase activity in an in vitro p-nitrophenylphosphate (pNPP) phosphatase assay (data not shown). The RHOD domain may therefore be an enzymatically inactive version similar to RHOD domains previously described in other proteins 10 that function in protein interactions.
We next examined CEP41 gene expression at the mRNA level and CEP41 protein subcellular localization. In zebrafish, cep41 was expressed in various ciliary organs, including Kupffer's vesicle, ear and heart, as well as brain and kidney, the regions that are predominantly affected in JBTS ( Fig. 2a and Supplementary Fig. 3) . In several ciliated cell lines, such as mouse inner medullary collecting duct cells (IMCD3) and human retinal pigment epithelial cells (hTERT-RPE1), endogenous CEP41 protein was predominantly noted at the centrioles and cilia (Fig. 2b) . The cilia-associated expression and localization of CEP41 prompted us to assess a possible role for this protein in cilia-related function. Accordingly, we performed knockdown experiments using translation-blocking morpholino antisense oligonucleotides (MOs) in zebrafish. In embryos injected with cep41 MO (morphants), we observed peripheral heart edema and tail defects along with ciliopathy-related phenotypes, including hydrocephalus, abnormal ear otolith formation and smaller eyes [11] [12] [13] [14] ( Supplementary Fig. 4a,b) . We also found that injection of cep41 MO induced a decrease in production of the protein, with dose-dependent phenotypic severity in the embryos (Supplementary Fig. 4b,c) .
Cilia of Kupffer's vesicle, a structure that corresponds to the mammalian embryonic node, are essential to mediate lateral asymmetry 15 . Accordingly, defects in left-right asymmetry of the heart, a well-established ciliopathy phenotype in mammals, has been noted ...... 
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128,240,000 (rs17165226) CEP41 npg l e t t e r s in zebrafish [16] [17] [18] . To examine whether cep41 depletion resulted in a heart laterality phenotype, we injected cep41 MO into Tg(myl7:egfp) zebrafish, a myocardium-specific transgenic reporter line, and found defects such as inversion or failure to develop asymmetry of the ventricle and atrium ( Fig. 2c) . We also generated a Cep41 knockout mouse line using a gene trap strategy (Supplementary Fig. 5a-c) and characterized its phenotype at embryonic days 10-13 (E10-E13). The homozygous Cep41 Gt/Gt embryos showed a range of phenotypes: malformed hindbrain, exencephaly, brain hemorrhage, dilated pericardial sac and lethality, as well as unexpected normal development in some homozygous mutants ( Fig. 2d, Supplementary Fig. 5d ,e and Supplementary Table 2 ). Although exencephaly, dilated heart npg l e t t e r s and embryonic lethality suggest possible ciliary roles of Cep41 in the mouse 16, 19, 20 , the phenotypic variability, including the occurrence of normal development, suggests the presence of extragenic phenotypic modifiers. We attempted a genetic rescue using human CEP41 in zebrafish cep41 morphants and found partial rescue of the cilia-associated morphant phenotype (Fig. 2e) . These data suggest that CEP41 potentially has an evolutionarily conserved role in ciliary function.
To explore the possible roles of CEP41, we examined primary cultured fibroblasts from human subjects (MTI-429-IV-1 and MTI-429-IV-6). We first tested whether CEP41 mutant cells were devoid of CEP41 protein. Consistent with RT-PCR results (Fig. 1e) , neither fibroblast line produced detectable CEP41, showing that these mutant cells are nearly null for CEP41 ( Fig. 3a,b) . To examine the effect of CEP41 loss on cilia assembly, we induced ciliogenesis using serum starvation-mediated cell cycle arrest in confluent cells and visualized cilia by co-immunostaining with antibodies to ARL13B (a cilia marker) 21 and GT335 (a centriole and cilia marker) 22 . In control fibroblasts with wild-type CEP41, cilia were evident in 70% of the total stained cells by 48 h and 72 h of serum starvation, and nearly all co-stained with both markers ( Fig. 3c and Supplementary Fig. 6 ). However, in the CEP41 mutant fibroblasts, cilia were stained positively with ARL13B but not with GT335 ( Fig. 3c) . We quantified this effect and found that, whereas the percentage of ARL13B-positive ciliated cells in the mutant fibroblasts was approximately equal to that in control fibroblasts, the percentage of GT335-positive ciliated cells was substantially reduced in mutant fibroblasts ( Supplementary  Fig. 6) . The antibody to GT335 was originally generated to recognize the glutamylated forms of tubulin (having both mono-and polyglutamylation) 23 . Therefore, the data suggest a potential role of CEP41 in regulating tubulin glutamylation.
Microtubules are the major structural scaffolds of the ciliary axoneme and undergo several post-translational modifications, including acetylation, detyrosination, glycylation and glutamylation (Supplementary Fig. 7) . We therefore tested the effect of CEP41 deficiency on these tubulin post-translational modifications in human primary fibroblasts and found no defects other than in glutamylation in CEP41 mutant cells (Supplementary Fig. 8 ). In addition, immunostaining using PolyE antibody (specific for polyglutamylated tubulin) in mutant fibroblasts indicated that CEP41 might regulate both tubulin mono-and polyglutamylation (Supplementary Fig. 9) . Concordantly, we observed a defect in tubulin glutamylation as well as a mild reduction in glycylation of the olfactory placode cilia in zebrafish deficient in cep41 relative to wild-type animals ( Fig. 3d and  Supplementary Fig. 10 ). In the human fibroblast lines, forced expression of exogenous CEP41 in mutant fibroblasts notably increased the npg l e t t e r s percentage of cells with glutamylated cilia (Fig. 3e ), suggesting that glutamylation of the cilium is dependent on the expression of CEP41. Furthermore, we found that cell lines from individuals with mutations in other JBTS-associated genes, including TMEM216 and INPP5E, displayed no such glutamylation defects (data not shown), indicating that the tubulin glutamylation phenotype is not a nonspecific consequence of JBTS-causing mutations. Together, these data show that CEP41 is required for ciliary glutamylation but is not necessary for initial cilia assembly.
Recent studies have shown that defective tubulin post-translational modification is associated with altered ciliary axonemal structure [24] [25] [26] . Accordingly, we investigated whether the CEP41-dysfunctional cilia exhibiting glutamylation defects had an abnormal axonemal structure. Transmission electron microscopy showed that depletion of cep41 resulted in obvious structural defects in zebrafish renal cilia. Specifically, we found that A-tubules of the outer doublet microtubules of the axoneme were collapsed and/or duplicated ( Fig. 3f and  Supplementary Fig. 11 ). Previous studies have suggested that ciliary structural disruption affects ciliary motility 27, 28 ; thus, we examined the cilia of Kupffer's vesicle and kidney in zebrafish cep41 morphants and found disabled motility of both types of cilia ( Supplementary  Fig. 12 and Supplementary Videos 1-6) . Our data suggest that CEP41 is involved in ciliary structural formation and motility by having an essential role in tubulin glutamylation at the cilium.
We next investigated how CEP41 modulates microtubule posttranslational modifications at the ciliary axoneme. We noted that only microtubules of ciliary axonemes showed defective glutamylation, whereas those of centrioles were properly modified in the CEP41 mutant human fibroblasts (Fig. 3c) . Furthermore, the lack of a tubulin tyrosine ligase (TTL) domain in CEP41, which is required for enzymatic activity 5 , implies that it is unlikely to serve as a glutamylase. The main enzymes mediating tubulin glutamylation are members of the conserved TTL-like (TTLL) family 5 . Among several identified TTLL factors, TTLL6 was found to show consistently strong localization to the basal body (the organizing structure at the base of cilium that is derived from a mother centriole) and the cilium ( Supplementary  Fig. 13 ). In addition, previous studies have suggested that TTLL6 may be involved in ciliary function in several organisms, including zebrafish 5, 24, 29 . We therefore examined the effects of ttll6 deficiency using a ttll6 translation-blocking MO 30 in zebrafish and observed VOLUME 44 | NUMBER 2 | FEBRUARY 2012 Nature GeNetics l e t t e r s ciliopathy-related morphological phenotypes similar to, although less severe than, what we observed following cep41 knockdown (Fig. 4a) . Additionally, ttll6 morphants showed A-tubule axonemal defects, similar to those of cep41 morphants (Fig. 4a) , along with diverse axonemal structural defects, which were consistent with a previous report 30 (data not shown). These data prompted us to test a possible functional relationship between CEP41 and TTLL6 by pairwise coimmunoprecipitation. We found that the two proteins were part of a complex (Fig. 4b) . We next tested whether CEP41 might function to regulate the transport of TTLL6 between the basal body and the cilium as has been suggested for the fleer gene in zebrafish 29 . Following efficient knockdown of Cep41 in mouse IMCD cells using siRNA ( Supplementary Fig. 14) , we found localization of TTLL6 restricted mainly to the basal bodies, indicating a block of TTLL6 entry into the cilium (Fig. 4c) . These data suggest that CEP41 functions in tubulin glutamylation by mediating transport of TTLL6 between the basal body and cilium. Our discovery of CEP41 mutations in persons with JBTS provides the first evidence directly linking defective tubulin glutamylation at the cilium to a human ciliopathy. Consistent with previous studies implicating tubulin post-translational modifications in cilia function 23, 24, 31, 32 , our data suggest that CEP41-mediated ciliary glutamylation is essential for axonemal formation. Moreover, we found that CEP41 is required for the transport of TTLL6 to modulate tubulin glutamylation, although it remains to be determined how these molecules function together. Most likely, these proteins enter through the ciliary diffusion barrier at the transition zone 33, 34 and are then transported along ciliary microtubules by intraflagellar transport motor proteins. Thus, examining whether CEP41 and TTLL6 form a complex with other factors at these locations will follow as a future study. Because tubulin glycylation is partially affected in cep41 morphants and the phenotype of cep41 morphants is more severe than that of ttll6 morphants, it is likely that CEP41 modulates other TTLL family members 5, 30 . Evidence for this possibility has been described in recent studies that show the involvement of both tubulin glycylation and glutamylation, each regulated by different TTLL family members, in maintaining ciliary structure and motility 30, [35] [36] [37] .
URLs. USCS Human Genome Browser, http://www.genome.ucsc. edu/; ClustalW, http://www.ebi.ac.uk/Tools/msa/clustalw2/.
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